The kinetics of reduction of nanocrystalline Fe 2 O 3 powder with hydrogen was investigated in the temperature range from 573 K to 813 K. A comparison between the reduction rates of the nanocrystalline powder (2050 nm) and those of the conventional powder (200400 nm) showed no discernible difference despite a substantially larger specific surface area of the former. Since observations under the scanning electron microscope revealed that the nanocrystalline powder forms large agglomerates, the kinetic results were theoretically tested for the possibility that the reduction of the powder was inhibited by intra-agglomerate pore diffusion. Alternatively, a potential influence of water vapor remaining in the packed powder bed is discussed. Activation energies of 47.2 and 51.5 kJ/mol were obtained for the reduction of the nanocrystalline and the as-received powder, respectively. These values show fair agreement with those obtained by previous studies.
Introduction
Among a number of approaches for fabricating nanocrystalline (nc) materials mechano-chemical process by hydrogen reduction of nc metal oxide powders is one of the most promising for the production of nc materials on a commercial basis. 14) Potential productivity, process simplicity and cost of starting materials all appear favorable when compared to other production routes. 5, 6) The method involves a two-step procedure consisting of high-energy ball-milling of metal oxide powders and their subsequent reduction with hydrogen to produce nanopowder.
2) The use of metal oxide powders as starting materials possesses some advantages in nanopowder processing. Oxide particles are easier to fracture upon ball-milling due to their intrinsic brittleness, as a result avoiding or minimizing internal strain and a potentially high density of lattice defects due to milling process. This is of particular concern for the fabrication of functional engineering materials such as low coercivity magnetic materials. 710) In order to produce nano-sized metal powder from metal oxide powder with controlled powder characteristics, the hydrogen reduction process should be essentially optimized. 1, 11) The authors reported on the non-isothermal kinetic study for hydrogen reduction of Fe 2 O 3 agglomerated nanopowders using hygrometry measurement. 12) According to the investigation, the reduction kinetics of Fe 2 O 3 agglomerated nanopowder of 2050 nm in grain size strongly depended on the extent of the reaction. The activation energy for reduction kinetic of Fe 2 O 3 nanopowder decreased from 46 kJ/mol to 20 kJ/mol during the entire reduction process. Such reduction kinetics was interpreted in terms of the influences of phase transformation of iron oxide and structural modification of agglomerates due to sintering of metal nanopowders on the agglomerate surface. Especially, the latter remarkably influences diffusion process of reacting gas as H 2 and H 2 O, as a consequence changing the rate controlling kinetics in reduction process. This implies that the out-diffusion process of water vapor molecules through a dense sintered surface dominates the kinetic of reduction process. This dependence of reduction kinetics on agglomerate structure of nanoscale oxide was also observed in the previous works on NiO 13) and Fe 2 O 3 -NiO. 14) Also a trap of water vapor inside the reactor appeared to be responsible for the retardation of water vapor outflow outside the reactor. As the reduction process progresses, a large amount of water vapor tends to be accumulated at the outlet zone of the reactor when outflow of water vapor from the reactor does not follow a mass balancing condition. Under this circumstance, the removal process of residual water vapor in the reactor outside the reactor even after completion of reduction can prevail a reduction kinetics as a controlling step. As a result, this phenomenon resulted in the drop in activation energy in the final stage, since the activation energy for diffusion process of a H 2 -H 2 O gas is low. 12) In order to ascertain the hydrogen reduction mechanism of the nc Fe 2 O 3 powder, the present study investigated the kinetics of hydrogen reduction of nc Fe 2 O 3 powder more exactly by using isothermal reduction study under the conditions that some artifacts misleading the kinetic process as described in the previous work 12) are exempted.
Experimental Procedure
The kinetics of reduction was measured by means of the weight loss measurement technique. As seen in Fig. 1 , the thermogravimetric setup comprised a quartz reaction tube mounted vertically inside a tungsten lamp furnace, allowing rapid heat-up because of its low heat capacity. An alumina crucible of 4.5 mm in diameter and 4.0 mm in height was used as a container, which was mounted top-loading on an alumina pole extending from the microbalance. A shallow oxide powder bed of about 3 mm in height was spread uniformly in the container. This height corresponds to the actual height of the powder bed under laboratory process conditions of the production of nc Fe powders. The powder bed was positioned in the equi-temperature zone of the furnace. The specimen temperature was measured by means of a calibrated chromel-alumel thermocouple placed near the bottom of the crucible. Experiments were carried out at several different temperatures with pure hydrogen (dew point 197 K) as reducing gas. Before each experimental run the air present in the reaction tube was flushed out with argon gas. A constant hydrogen flow rate of 0.3 l/min was maintained during the reduction. Preliminary experiments with different flow rates had shown that this flow rate is well above the level at which there could be any starvation of the reactant gas.
Two sets of experiments were carried out. Reduction experiments on nc Fe 2 O 3 used commercial Fe 2 O 3 powder (Kojundo Chemical, 99.9%) with a specified average particle size of 1 µm as starting material. The powder was ball-milled for 10 h in a stainless steel attritor at 300 r.p.m. methyl alcohol served as a milling agent. After ball-milling the powder was dried at 333 K for 12 h. The dried cake which formed was broken up and sieved down to a mesh size of 20 µm. X-ray diffraction analysis employing the Scherrer formula for the (111) diffraction line yielded an average grain size of 30 nm. To study the effect of particle size on the reduction behavior a second set of reduction experiments was conducted on the as-received Fe 2 O 3 powder with an average particle size of 1 µm. It was expected that the nc sample would turn out to be far more reactive due to its high surface area. The powder surface area was measured using the BET method 15) with nitrogen as the absorbing-desorbing gas. The measurements yielded specific surface areas of 27.14 m 
Results
The reduction curves for the reduction of nc Fe 2 O 3 are depicted in Fig. 2(a) and (b) as plots of the fractional reduction X vs. t. The fractional reduction X is defined as the ratio of the instant mass loss, "m, to the theoretical final mass loss, "m 0 , i.e., X = "m/"m 0 . The theoretical weight loss, "m 0 , is the original amount of oxygen contained in the Fe 2 O 3 specimen; it is given by "m 0 = (48/159.7) © m where m denotes the mass of the Fe 2 O 3 specimen. The values of "m 0 calculated from the stoichiometry proved to agree with the values measured with the microbalance within 2%. Most X vs. t plots reveal a slight deviation from a linear relation at the beginning of the reduction. This is most discernible for the X vs. t plot at the lower end of the temperature range (573 K, Fig. 2(a) ). The initial deviations are mainly due to a certain incubation period and heat-up effects. The incubation interval is followed by a period of continuous growth of the iron nuclei formed in the incubation interval. This steadystate region was chosen as the basis for determining the experimental rate constant of the reduction process at a given temperature. The experimental rate constant, k, is given by 
where dX/dt is the slope of the steady-state period of the reduction plot. When the experimental rate constant k is known, the reduction rate, r 0 , can be calculated according to the relation:
The reduction rate r 0 is a function of temperature, partial pressures of H 2 and H 2 O, and the structure of the oxide specimen. The experimental data on k and r 0 for the nc Fe 2 O 3 are listed in Table 1 along with the reduction temperature, mass and oxygen content of the specimens. X vs. t plots for the reduction of as-received Fe 2 O 3 are shown in Fig. 3 . The pertaining experimental parameters are summarized in Table 2 .
Scanning electron micrographs of the nc and the asreceived (Fig. 4(a) ). Such a clustering of Fe 2 O 3 particles was previously observed for nc Fe 2 O 3 powders synthesized by mechano-chemical processing. 16) Similar to the present case, Fe 2 O 3 particles of 1030 nm were found to form clusters of 100200 nm held together by van-der-Walls forces. Besides clustering the nc powder reveals a strong tendency to the formation of large agglomerates. As an inspection of Fig. 4(c) shows, the nc powder tends to form agglomerates of spheroidal appearance with a diameter as large as 1040 µm. This is in contrast with the morphology of the as-received Fe 2 O 3 powder for which no agglomeration was observed (Fig. 5(c) ). It is noteworthy that in the case of the nc powder the large powder agglomerates were retained even after a finite-though low-compaction pressure was exerted for the preparation of the SEM specimens.
Discussion
The reduction rates of both the nc and the as-received Fe 2 O 3 powder are depicted in Fig. 6 . Although the specific surface area of both powders differs by a factor of 8, the powders show virtually identical reduction rates in the temperature range covered by the present experiments. For both powders, the temperature dependencies of the reduction rate, r 0 , were deduced from the Arrhenius presentation in Fig. 6 for the as-received powder. 
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The measured activation enthalpies of approximately 50 kJ/mol are in reasonable agreement with previous results obtained by Rao and Moinpour, 17) who measured the intrinsic rates of reduction of thin, dense foils of Fe 2 O 3 . The activation energy of this latter process was found to be 61 kJ/mol. Making allowance for the influence of gas phase mass transfer effects, a somewhat larger value of 65 kJ/mol was obtained. Previous experiments revealed as a general rule that the activation energy for a process involving dense specimens tends to be somewhat larger than the corresponding value for an intrinsically porous sample. 17) In view of this fact the agreement between both studies is satisfactory. It is here interesting that the activation energy of the nc sample in this study is consistent with that (46 kJ/mol) of the same powder measured by the hygrometry study. 12) This result supports that both identical value of the activation energy is valid for the hydrogen reduction process of the nc Fe 2 O 3 powder agglomerates which is not influenced by the out-diffusion of water vapor in the nc powder. It also corresponds to that of interfacial reaction mechanism. 18) As noted above, the rather unexpected result of the present study lies in the fact that the reaction rates of both the nc and the as-received powder were virtually found to be the same in the temperature interval covered by the experiments. Despite the considerably larger surface area, which is available to the heterogeneous reaction, the nc Fe 2 O 3 powder does not show an enhanced reaction rate. In an attempt to interpret this experimental result, two possibilities, which might have led to comparable reaction rates for both powders, are considered.
Gas diffusion control due to agglomeration
The nc Fe 2 O 3 powder was found to form agglomerates, the size of which is about ten times as large as the average particle size of the as-received powder. The question is raised whether these agglomerates possibly offer a diffusional resistance to the overall reduction process that counterbalances the larger surface area of the nc Fe 2 O 3 powder. If the agglomerates exercise a significant resistance against the penetration of the reducing gas, then essentially only the outer surface of the agglomerates would be accessible for the reduction. In this case, only a fraction of the actual free surface area would be available for the heterogeneous reaction. The validity of this assumption can be tested on theoretical grounds.
The estimation of a possible effect of the diffusional resistance offered by a porous solid catalyst on the overall reaction rate is a topic that is generally treated in the framework of heterogeneous catalyst (effectiveness factor). 19) Unfortunately, the analysis is confronted with some conceptual difficulties which arise from the fact that the internal reaction of a porous solid does usually not proceed at a given reaction interface but takes place uniformly throughout the bulk, beginning at the walls of the network of open pores. A straightforward analysis is usually limited to an irreversible first-order reaction. 20, 21) In the present case, however, reversibility is of some concern, since, if gas diffusion inside the agglomerates is indeed slow, the reaction rate may be significantly inhibited by the presence of water vapor in the agglomerate. For a simple but useful estimate of the influence of pore diffusion to be expected, the problem might be formulated as an effectively heterogeneous reaction proceeding at a defined reaction interface inside the porous agglomerate, as shown in Fig. 7 . In this formulation, the surface area of unreduced core hypothetical spherical reaction interface is assumed to represent the actual surface area along the pore network. Following this concept, the influence of pore diffusion can be easily assessed, since the flux density associated with the diffusion of hydrogen gas through the porous agglomerate can be readily derived (Appendix). The hydrogen flux density at the internal reaction interface, r = R s , is then given by:
In eq. (5), D is the effective diffusivity in cm ¹2 s ¹1 , R g is the universal gas constant, R is the agglomerate radius, R s the radius of the unreduced-core, p 0 H 2 and p s H 2 are the hydrogen partial pressure in atm at the surface of the agglomerate and the reaction interface, respectively. The gradient of the hydrogen partial pressure in eq. (5) can be calculated by making the following assumptions: p 0 H 2 corresponds to the bulk hydrogen pressure of 1 atm, i.e., the rate of removal of water vapor outside the agglomerate is sufficiently large to guarantee an essentially dry atmosphere. p s H 2 can be identified with the equilibrium pressure of the reaction Fe 3 O 4 + 4H 2 = 3Fe + 4H 2 O and the total pressure is supposed to remain constant at 1 atm. Thermodynamic data for this calculation can be found in the literature. 22) A common definition of the effective diffusivity in porous media 21) is provided by
where¸is the tortuosity and D is defined as
In eq. (7) The Knudsen diffusivity can be found for dilute gases from
in which d is the average pore diameter in cm, and M H 2 is the molecular weight of hydrogen. For a conservative estimate, one may take R = 20 µm as the maximum agglomerate radius estimate from the scanning electron micrographs. The radius of the reaction interface inside the agglomerate is tentatively set to R s = 10 µm. Again from the scanning electron micrographs, the average pore diameter, d, is estimated to be about 50 nm. Finally, an average value of 3 is taken for the tortuosity¸. 21, 22) Employing the foregoing eqs. (5)(9), the flux density of hydrogen diffusion through the porous agglomerates is calculated for all temperatures for which reaction rates were measured (Table 3) . These pore diffusion rates are to be compared with the interfacial reaction rates, k s ¼ ðr 0 =p 0 H 2 AÞ, where A is the surface area obtained from A = (specific surface area © mass of specimen). Even if concentration is assumed to be equal to the bulk hydrogen concentration, while the concentration at the internal reaction interface is assumed to correspond to the equilibrium concentration of the Fe/Fe 3 O 4 equilibrium. 22) some allowance is made for the crudeness of the above estimation, the calculated pore diffusion rates are so well above the measured reduction rates that any influence of a diffusional resistance on the overall reaction rate can be safely ruled out. It is important to recognize that this outcome does not result from an exceptionally high diffusion flux for the geometry under consideration. The pore diffusion rates listed in Table 3 show reasonable agreement with other estimates for geometries of similar dimensions. Rather it is the interfacial reaction rate which is found to be substantially lower than those obtained from other studies.
17)

Water vapor trapped in the packed bed
The temperature dependencies of the reduction of Fe 2 O 3 with hydrogen obtained from various studies 17, 2426) are depicted in Fig. 8 along with the results of this work. Prior to the comparison of the various results, some consideration should be given to the interfacial reaction rate constant, k s , which is plotted as a function of the reciprocal temperature in Fig. 8 . For the evaluation of experiments which are carried out on pellets or thin foils k s usually refers to the nominal area of the specimen and not to the actual pore surface area at Fe/ Fe 3 O 4 interface, simply because the latter is hard to ascertain. Interfacial rate constant values obtained by measurements on oxide powders, on the other hand, are generally derived by taking into account the specific surface area of the powder specimen. It is evident that the phase boundary that separates the iron nuclei from Fe 3 O 4 domains is actually likely to be larger than the nominal surface area of the pellet or the foil. For this reason, it appears realistic that the values of k s derived from experiments on solid specimens might be larger than the actual interfacial reaction rate. Bearing this in mind, a comparison of the present results on powder specimens with those of Lloyd and Amundson (powder), 26) Turkdogan and Vinters (pellet) 25) and Rao and Moinpour (foil) 17) may not be straightforward. An inspection of Fig. 8 shows, indeed, that the absolute values of k s obtained from different studies are subject to a considerable scatter. It is clear, however, that the interfacial reaction rates measured in this work represent rather the lower limit of the range of experimental data. Because of its larger surface area, the interfacial reduction rates, k s , of the nc powder lie below those of the as-received powder. It is seen that the latter coincides with the absolute values of k s obtained by Turkdogan and Vinters. 25) Since the argument of a possible reduction of the reaction rate by pore diffusion had to be disregarded for reasons given above, it seems likely that the relatively low reaction rates under the process conditions of the mechano-chemical synthesis are affected by the presence of water vapor in the bed. This would not only explain the relative slowness of the reaction as compared to other studies but would also account for the fact that a different microstructure of the nc and the asreceived powder does not have a significant influence on the overall reaction rate r 0 . A wet atmosphere was already assumed to have influenced the interfacial reaction rates measured by Lloyd and Amundson by means of the fluidized-bed technique.
26) It may be noted that the activation energies of 47 and 51 kJ/mol found in the present work compare favorably with the value derived from their data. 26) Fitting their data gives 43 kJ/mol, if the first data point is omitted because of its obvious deviation from the reminder of the data set.
This interpretation as described above is supported by our previous work.
12 ) It was found that the reaction rate during the reduction process was lowered by the water vapor trapped in the nc powder agglomerate. Namely, the activation energy for hydrogen reduction process of nc Fe 2 O 3 decreases from 46 kJ/mol to 20 kJ/mol as the reduction completely proceeds. It does not seem advisable to reduce the height of the powder bed under process conditions in order to facilitate the removal of water vapor. As preexperiments showed, a decrease of the bed height to one half of its original thickness did not have any influence on the reduction rate. Any further reduction of the height of the powder bed can only be carried out at the expense of the yield of the process.
Conclusions
The kinetics of the reduction of nc Fe 2 O 3 powder with hydrogen were measured in the temperature range from 573 K to 813 K. The following conclusions can be drawn from this work:
(1) Comparison of the reduction behavior of nc Fe 2 O 3 (particle size: 2050 nm) with that of conventional powder (particle size: several hundred nanometers) 26) and Rao et al. 17) shows no discernible difference in the reduction rate, although the nc powder has a significantly larger specific surface area. (2) The results were checked for the possibility that the reduction of the nc powder might have been inhibited by pore diffusion. This was suspected because of the strong tendency of the nc powder to form agglomerates, the size of which exceeded the particle size of the asreceived powder by a factor of ten. It was found that the likelihood of such an influence is rather slim. (3) Comparison of this work with published data revealed that the absolute values of the interfacial reduction rates measured in this study are relatively low. This may be regarded as an indication that the overall reaction was slowed down by the presence of water vapor in the powder bed. In the light of this explanation, the impact of the different morphologies of the nc and the asreceived powder on the overall reaction is rather negligible. (4) From the isothermal experiments, activation energies in the order of 50 kJ/mol were derived for this process.
The results agree reasonably well with published data.
